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Abstract 
The Muon g-2 Experiment plans to use the Fermilab Re-
cycler Ring for forming the proton bunches that hit its pro-
duction target. The proposed scheme uses one RF system, 
80 kV of 2.5 MHz RF. In order to avoid bunch rotations in 
a mismatched bucket, the 2.5 MHz is ramped adiabatically 
from 3 to 80 kV in 90 ms. In this study, the interaction of 
the primary proton beam with the production target for the 
Muon g-2 Experiment is numerically examined. 
INTRODUCTION 
      The Muon g-2 Experiment, at Fermilab [1], will meas-
ure the muon anomalous magnetic moment, 𝛼𝜇 to unprec-
edented precision: 0.14 parts per million. To perform the 
experiment, a polarized beam of positive muons is injected 
into a storage ring with a uniform magnetic field in the ver-
tical direction.  Since the positron direction from the weak 
muon decay is correlated with the spin of the muon, the 
precession frequency is measured by counting the rate of 
positrons above an energy threshold versus time.  The g-2 
value is then proportional to the precession frequency di-
vided by the magnetic field of the storage ring.  
    A sequence of lines that are part of the Fermilab Muon 
Campus [2] have been designed in order to transport the 
highest possible quality beam to the Muon g-2 Experiment. 
An RF system in the Recycler separates a batch into 8 
tighter bunches of 1012 protons each. These bunches are 
extracted and guided to a target station. The resulting pi-
ons, protons and muons are transported into the Delivery 
Ring (DR), where they make several revolutions. This will 
give enough time for all pions to decay to muons as well as 
provide enough separation in order to remove the protons 
with minimum losses. Finally, the muon beam is injected 
into a final beamline that terminates at the entrance of the 
storage ring of the Muon g-2 Experiment. In this paper, we 
will overview the performance of the production target. 
MUON PRODUCTION TARGET 
     The production target [3] station consists of five main 
devices: the pion production target, the lithium lens, a col-
limator, a pulsed magnet, and a beam dump (not depicted 
here). A schematic layout is shown in Fig. 1.  
     The new target design is made of a single cylinder of 
Inconel, with air blowing through a heat exchanger incor-
porated into the center shaft. A shell of beryllium provides 
a cover for the Inconel target, to reduce target oxidation 
and damage. Inconel was chosen as the best choice of tar-
get material because it can withstand higher stresses caused 
by the rapid beam heating. Immediately downstream of the 
target module is the Lithium Lens module. The lens is de-
signed to focus a portion of the secondaries off of the tar-
get, greatly reducing their angular component. The dis-
tance between the target and lens, can be adjusted to match 
the diverging cone of secondary particles to the focal 
length of the Lithium Lens. For the Muon Campus sce-
nario, the lithium lens acts as a conductor for a 116 kA cur-
rent, producing a magnetic field gradient of 232 T/m within 
the lithium and is located 0.3 m downstream the target. The 
Lithium Lens has the advantage over conventional quadru-
poles in that it focuses in both transverse planes and pro-
duces an extremely strong magnetic field. The following 
collimator is used to reduce heating and radiation damage 
to the Pulsed Magnet (PAMG), which is located immedi-
ately downstream of the Collimator. The Collimator is cy-
lindrical in shape and made of copper, with a hole in the 
middle for the beam to pass through. The PMAG is a 3-
degree pulsed dipole that is located downstream of the Col-
limator. Its purpose is to select 3.1 GeV/c secondaries and 
bend them into the M2 line. The dipole was designed spe-
cifically for the Target Vault and is a single-turn, radiation-
hardened, water-cooled, 1.07 m long magnet with an aper-
ture measuring 5.1 cm horizontally by 3.5 cm vertically. 
Figure 1: Schematic layout of the target area that is used to 
produce muons for the Muon g-2 Experiment. Note that the 
beam dump is not shown here. 
TARGET PERFORMANCE 
The performance of the Muon Campus beamlines was 
simulated using G4Beamline [4]. G4beamline is an open-
source particle simulation program that acts as a front-end 
for the Geant4 simulation package. While typical Geant4 
simulations are written in C++, G4beamline programs are 
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written in a self-describing language. G4beamline is cur-
rently used in many muon projects, including the Mu2e ex-
periment and the Muon Accelerator Program.  
During the period when the Muon g-2 Experiment will 
take data, the Booster is expected to run with present inten-
sities of 16x1012 protons at 12 Hz average in two groups of 
8 bursts at 100 Hz. There will be a group of two such bursts 
in a cycle of 1.4 s. The scheme for g-2 bunch formation [5] 
uses one RF system, 80 kV of 2.5 MHz. In order to avoid 
bunch rotations in a mismatched bucket, the 2.5 MHz is 
ramped adiabatically from 3 to 80 kV in 90 ms. Initially the 
bunches are injected from the Booster into matched 53 
MHz buckets (80 kV of 53 MHz RF), then the 53 MHz 
voltage is turned off and the 2.5 MHz is turned on at 3 kV 
and then ramped to 80 kV. The resulting beam profile is 
illustrated in Fig. 2. Note that because the revolution time 
of muons in the storage ring is 149 ns, the longitudinal ex-
tent of the bunches should be no more than 120 ns. In ad-
dition, their 10 ms spacing allows enough time for muon 
decay and data acquisition in the storage ring.  
Figure 2: (a) Simulated profile of a proton bunch exiting 
the recycler, and (b) longitudinal phase space distribution 
centered at 8.89 GeV/c momentum.   
 Key beam parameters were optimized to maximize the 
downstream yield of secondary particles. For instance, it 
was found that the optimum proton beam spot size at the 
target is 𝜎𝑥 = 𝜎𝑦 = 0.15 mm.  Figure 3 displays the sec-
ondary particles after the proton beam impacts the target. 
The population of particles in that location is: 1.83x10-5 μ+, 
0.725 protons, 2.72x10-3 π+, and 1.26x10-4 K+ per proton 
on target (POT). One interesting feature is that all second-
ary particles retain the same time profile as the initial pro-
ton pulse. Namely, 95% of the beam is concentrated within 
a 120 ns time span.   
Figure 3: Longitudinal profiles of the secondary beam after 
it exits the Lithium lens (upstream of PMAG). 
Figure 4: Momentum distribution (a) before PMAG and, 
(b) after the PMAG. PMAG selects particles near 3.1
GV/c.
     Figure 4 displays the momentum distribution before and 
after the pulsed magnet.  We can clearly see that the PMAG 
selects particles near the desired 3.1 GeV/c momentum for 
the Muon g-2 Experiment. Note that the distribution in Fig. 
4(b) shows a slight asymmetry. This fact is not surprising 
since the vast majority of the pions entering the magnet 
have a momentum that is much less than the desired 3.1 
GeV/c. Figure 5 displays the transverse angle of the se-
lected pions from Fig. 4(b). Clearly, one can see that the 
pions with the most forward momentum (lowest angle with 
the beam axis) are around the momentum for which we are 
selecting.  This demonstrates that the pulsed magnet be-
haves as expected and ensures that particles near 3.1 GeV/c 
will have the highest possible transmission in the down-
stream beamlines.   
 
Figure 5: Pion momentum as function of the transverse an-
gle after the beam passes the pulsed magnet. Particles near 
3.1 GeV/c have the lowest possible transverse angle.  
 
Figure 6: Vertical, horizontal and longitudinal components 
of polarization just upstream of PMAG. The average po-
larization in the longitudinal direction is 0.55. The average 
polarization in the horizontal and vertical planes is near 
zero. 
    One of the key aspects of the Muon g-2 Experiment is 
the delivery of a highly-polarized muon beam from pion 
decays. Along the M2 and M3 beamlines, the momentum 
acceptance is relatively narrow, (∆𝑝 𝑝⁄ = ±2%)  thereby 
producing highly-polarized muons. In contrast, the mo-
mentum distribution of pions in the target station is very  
broad, resulting in muons with a wide range of polariza-
tion. The distribution of polarization components of muons 
within (∆𝑝 𝑝⁄ = ±2%) just upstream of PMAG is shown 
in Fig. 6. One can see that while the average polarization 
in the horizontal and vertical directions is near zero, the 
average polarization in the longitudinal direction is 0.55.  
Note that the polarization of muons arising from the decay 
of Kaons is excluded in this analysis.  
 
Figure 7: Propagation of muons along the M2, M3 lines 
and the Delivery Ring. Only one turn is assumed: (a) mu-
ons from pion decays after PMAG, and (b) muons created 
within the target area (upstream of PMAG).  
   Figure 7 shows the evolution of muons along the Muon 
Campus lines. Note that the entrance to the DR is at 𝑆 = 
280 m. Figure 7(a) shows the evolution of muons created 
from pion decays further downstream while Fig. 7(b) dis-
plays the evolution of “target produced” muons. Note that 
term “target produced muons” refers to those generated 
from pion decays in the area upstream PMAG. After one 
turn, the number of target produced muons is 4x10-8 per 
POT while the muons from pion decays along the M2, M3 
and DR is 9x10-7 per POT. This suggests that among all 
muons after the first turn, only 4.5% are created upstream 
of PMAG. We conclude that the reduced polarization of 
the target muons is not expected to harm the overall polar-
ization which is found to be >90% [6]. The authors are 
grateful to Raffaele Miceli for his help in setting up the 
G4Beamline model of the target. 
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